. 20H20, is triclinic, space group PI, with a = 7.342A, b = 18.818A, c = 7.389A, ex = 91.45°, {J = 102.15°, and y = 98.85°. Fe(O,OH,H20)6 octahedra and sulfate tetrahedra are connected to form one-dimensional infinite complexes along [101]. Mg(H20)6 octahedra and water molecules not bound to cations lie between the complexes.
Introduction
Copiapite, a greenish-yellow secondary mineral found in the oxida.. tion zone of sulfidic iron-ore deposits, is the commonest of the natural ferric sulfates. It was first described by Rose (1833) . Considered to be monoclinic by LINCK (1889), it was later found to be triclinic by PALACHE et al. (1946) . The general chemical formula (BERRY, 1947) is AB4 [(OHJzI(S04)6] . 20H20, where A is usually Fe2+, Mg, Cu, Zn and B is Fe3+, AI.
Experimental
The crystals used for this investigation are from Alcaparrosa, Chile. The cation chemistry was assumed to be A = Mg and B = Fe3.f-, which was later confirmed during the structure refinement. Single-crystal x-ray photographs showed triclinic symmetry. The lattice constants were measured on NaCI-calibrated photographs and refined by the method of least squares. They are in good agreement with those determined earlier on crystals from other localities, as shown in Table 1 .
The unit cell has a volume of 984.4 A3 and contains 1 X [MgFe4 (OH)z(S04)6.20H20].
The calculated density is 2.05 g . cm-3; the measured density is 2.04 g . cm-3.
Intensities were measured with an automated two-circle diffractometer on a square tabular crystal of dimensions 0.3 X 0.3 X 0.07 mm, rotated about the a axis. The reflected Zr-filtered MoK (Xradiation was detected by a scintillation counter. Within the hemisphere out to (sin 6)/)" = 0.55 A-I, 2902 reflections were measured, of which 184 had intensities below the detectable limit and were assigned intensities of one-third the value of the weakest measurable reflection. The intensities were corrected for Lorentz, polarization, and absorption effects.
Structure determination and refinement A three-dimensional Patterson synthesis was used to determine approximate positions of the two iron and three sulfur atoms. Through a subsequent structure-factor calculation yielding an R value of 46%, correct signs could be found for about two-thirds of the observed F's. They were used to compute a three-dimensional Fourier synthesis, which revealed the positions of all atoms except hydrogen. In the subsequent structure-factor calculation the R value dropped to 20%. A full-matrix, least-squares refinement with isotropic temperature 3* 36 P. 8USSE Table 2 . Atom parameters of copiapite .6833 (2) .6800 (1) .8980 (2) 8(1) .9461 (4) .7338 (1) .3113 (3) 8(2) .7221 (4) .4200 (1) .1318 (3) 8(3) .5945 (4) .2057 (1) .1675 (3) 0(1)
.774 (1) .6993 (4) .172 (1) 0 (2) .
(1) .7607 (4) .469 (1) 0(3)
.
(1) .3248 (4) .631 (1) 0(4)
(1) .2103 (4) .771 (1) 0(5)
.551 (1) .3702 (4) .037 (1) 0 (6) .671 (1) .4905 (4) .166 (1) 0(7)
.807 (1) .3917 (4) .311 (1) 0 (8) .857 ( 1) .4254 (4) .011 (1) 0 (9) .580 (1) .1272 (4) .178 (1) 0 (10) .597 (1) .7757 (4) .893 (1) 0 (11) .712 (1) .2317 (4) .038 (1) 0 (12) .682 (1) .2406 (4) .357 (1) 0 (13) .567 (1) .6562 (4) .635 (1) 0 (14) .572 (1) .2788 (4) .694 ( 1) 0 (15) .706 (1) .4262 (4) .647 (1) 0 (16) .758 (1) .9491 (5) .076 (1) 0 (17) .778 (1) .5834 (4) .919 (1) 0 (18) .854 (1) .9923 (5) .728 (1) 0 (19) .919 (1) .7206 (4) .818 (1) 0 (20) .912 (1 ) .0976 (5) .035 (1) 0 (21) .725 ( 1) .8934 (5) .418 (1) 0 (22) .768 (1) .5601 (4) .509 (1) 0 (23) .657 (1) .1007 (5) .570 (1) factors brought the R value down to 11 0/0. Finally, anisotropic thermal parameters were varied in the least-squares refinement. This led to a final R value of 0.096 for all data. Table 2 lists the refined atom parameters and their standard deviations. Mg occupies the special position in the cell origin; all other atoms are in general positions. The thermal parameters and their standard deviations are given in Table 3 . Table 4 lists the corresponding root-mean-square amplitudes along principal axes. The temperature factor is defined as exp + B22b*2k2 + B33C*2l2 + 2B23b*c*kl + 2B13a*c*hl + 2B12a*b*hk) 
1t5. , "'0. Crystal structure and hydrogen bonding of copiapite 45 mon oxygen atom and are also linked by two sulfate tetrahedra, as shown in Fig. 1 . These groups of two tetrahedra and two octahedra are connected through a third tetrahedron to form the infinite complexes. The coordination octahedra of Mg lie between the complexes.
Oxygen chemistry and hydrogen bonding
A differential Fourier synthesis was used to locate the hydrogen atoms, but the results were highly inaccurate. It was, however, possible to determine probable hydrogen positions indirectly by finding the system of hydrogen bonds.
Of the twenty-three oxygen atoms in the structure, twelve belong to sulfate groups. They are potential acceptors of hydrogen bonds, Table 7 . Distances and angles of hydrogen bonds in copiapite especially those which are bound only to sulfur. Of the remaining eleven oxygen atoms, ten are oxygen atoms of water molecules and one is an hydroxyl oxygen. 0(13), the only oxygen atom bound to two Fe atoms, is most likely the hydroxyl oxygen. The oxygen chemistry is assumed to be as follows: 0(1) to O( 12) are oxygen atoms of sulfate groups. 0(2), 0(4), 0(6), 0(8), 0(9), and 0(11) are bound only to sulfur; 0(1),0(3),0(5),0(7),0(10), and 0(12) are bound to sulfur and iron. 0(13) is the hydroxyl oxygen. 0(14) to 0(23) are oxygen atoms of water The temperature coefficients and corresponding root-mean-square amplitudes of the oxygen atoms show a correlation to their bonding. They tend to be smaller for those sulfate oxygen atoms which are bound to iron than for those bound to sulfur only. A similar observation can be made for the hydroxyl and water oxygen atoms. Their temperature coefficients and root-mean-square amplitudes are smaller for the oxygen atoms which are bound to iron than for those bound to magnesium or to no cations.
The pairs of oxygen atoms between which hydrogen bonding is likely to take place were found by looking for proper bond angles and oxygen-oxygen distances outside the cation polyhedra. The angles and distances between presumably hydrogen-bonded oxygen atoms are compiled in Table 7 . The water oxygen atoms 0(21)w, 0(22)w,and O(23)w each receive and donate two hydrogen bonds. The coordination angles and distances about these three oxygen atoms are given in Table 8 . There are three oxygen atoms that are possible acceptors of the two hydrogen bonds of 0(22)w: 0(6),0(7), and 0(17)w. Bond-angle considerations suggest that 0(6) receives one hydrogen bond, and 0(7) and 0(17)w receive the other.
A view of the whole structure is shown in Fig. 2 . Hydrogen bonds are indicated by dashes. The arrows point to the acceptor oxygen atoms. The hydrogen atoms may be assumed to be located at or near the vertices of the arrows.
Bond lengths and valence balance
Some of the cation-anion distances deviate considerably from the mean values. These deviations may be explained electrostatically if a correlation is assumed between valence-bond strengths of all bonds between nearest neighbors. For the Fe-O, Mg-O, and 8-0 bonds, valence strengths were computed according to DONNAY and ALLMANN (1970) . The correlation between hydrogen bond strength and O-H... 0 bond length was taken from ZACHARIASEN(1963) . The total sum of bond strengths for each atom is given under the heading EQ. The sums are close to the ideal values of 2 for 02-, 1 for OH-, and 0 for H20, as required by PAULING'S second rule (PAULING, 1929) .
Although second-nearest neighbor interactions are ignored, these considerations explain most of the deviations from the mean bond lengths. For instance, the bond Fe( 1)-O( 14) w is relatively long because the sum of the bond strengths of the two hydrogen bonds of 0(14)w is well below -0.50. In order to make the total sum of bond valences for O(14)w about equal to zero, the bond strength of Fe(1)-0(14)w must be less than 0.50, and consequently the bond length has to be longer than average. The short bond lengths ofFe(l) and Fe(2) to 0(13)h and the tendency of 8-0 bonds to be shorter than average when the oxygen is bound to sulfur only can be similarly explained.
Conclusions
There are about thirty ferric sulfate minerals known in nature. The crystal structures of nine of them have been determined: jarosite .
(HENDRICKS, 1937), krausite (GRAEBER et al., 1965) (SUSSE, 1968a) , botryogen (SUSSE, 1968b) , roemerite (FANFANI et al., 1970) , ransomite (WOOD, 1970) , parabutlerite (BORENE, 1970) , coquimbite (FANG and ROBINSON, 1970) , and copiapite. A common feature of. all these structures is the connection of sulfate tetrahedra and coordi. nation octahedra of ferric iron to complexes. There are isolated tetrahedra-octahedra complexes in roemerite and coquimbite; one-dimensional infinite complexes in parabutlerite, amarantite, botryogen, ransore balance in copiapitẽ ) 0(12) O (13) Crystal structure and hydrogen bonding of copiapite 53 mite, krausite, and copiapite; and two-dimensional infinite complexes in jarosite. The complexes are connected to each other only by hydrogen bonds or by large cations such as K+. The physical properties of the crystal (habit, cleavage, etc.) correspond to the kind of octahedratetrahedra complex in the structures. Copiapite seems to make an exception. The crystals are tabular parallel to (010) rather than elongated along [101] , the direction in which the one-dimensional infinite
